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R692and how the cell integrates them with
one another and other cell/organelle
functions. Answering these questions
will likely be a challenge considering
that many of the biosynthetic pathways
involved are essential, which limits our
ability to generate loss-of-function
mutants. Furthermore, the essential
and integrated nature of the plastid
leads to pleiotropic affects when its
function is compromised, which can
lead to unclear or ambiguous results.
Nonetheless, it is now clear that plastid
retrograde signals control important
and specific events in cell physiology
and these studies will provide useful
tools to unravel their mechanisms.References
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Tail Sorts Out IntegrinsAs well as modulating integrin activation, a conserved NPxY motif in integrin
cytoplasmic tails that binds the FERM-domain-containing proteins kindlin
and sorting nexin 17 plays pivotal roles in integrin recycling and degradation.Nina N. Brahme
and David A. Calderwood*
The ability of metazoan cells to
sense and adhere to the insoluble
extracellular matrix (ECM) that
surrounds them is central to
multicellular life. Integrins, the major
family of ECM adhesion receptors
responsible for this ability, are
transmembrane ab heterodimers that
link the ECM to intracellular
cytoskeletal and signaling networks.
Integrins are thus integral to a range
of essential processes, including cellmigration, embryonic development,
tissue formation, vasculogenesis,
inflammatory and immune responses,
and wound healing [1]. Like other
cell-surface receptors, integrins
can be regulated by controlling
cell-surface delivery, endocytosis,
and subsequent recycling or
degradation. Indeed, the importance
of integrin internalization and recycling
in a range of cellular processes is
increasingly well appreciated [2,3].
However, a unique and defining feature
of integrin regulation is integrin
activation — the allosteric transitionfrom conformations with relatively
low affinity for ECM ligands to those
with high affinity. This transition is
controlled by the binding of the
FERM (4.1, ezrin, radixin, moesin)
domain from the protein talin to
a membrane-proximal NPxY motif
in the short cytoplasmic tail of the
integrin b subunit [4].
More recently, human disease
mutations and knockout studies have
implicated a second family of
FERM-domain proteins, the kindlins, in
integrin activation [5–7]. Kindlins bind
to the b integrin cytoplasmic tail,
specifically to the membrane-distal
NPxY motif and its preceding
threonines (Figure 1), and kindlin
deficiency leads to defects in integrin
activation and signaling. However, the
molecular basis for kindlin function is
not understood. In this issue of Current
Biology, Margadant et al. [8] provide

















Figure 1. b-tail-binding proteins in integrin activation and sorting.
(A) Amino acid sequence of the cytoplasmic tail of human b1 integrin. Regions important for
binding talin, kindlin and sorting nexin 17 (SNX17) are indicated, and key residues that were
mutated to disrupt these interactions are highlighted in red. (B) Model for regulation of integrin
activation and trafficking. Binding of talin and kindlin leads to integrin activation at the plasma
membrane. Internalization leads to dissociation of talin and kindlin from integrin. SNX17 binds
integrins in early endosomes and, by an unknown mechanism, facilitates their recycling: integ-
rins unable to bind SNX17 are targeted for lysosomal degradation. Kindlin’s role in integrin
trafficking remains controversial but kindlin and SNX17 can compete for binding to integrin
and they do not colocalize in the same subcellular compartment. Whether other tail-binding
proteins regulate additional steps in recycling has yet to be determined.
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R693of talin and kindlin in b1 integrin
regulation and for the first time link
kindlins to the control of lysosomal
degradation of integrins. Using
alternative approaches, two other
recent papers [9,10] also reveal a role
for the kindlin-binding NPxY motif in
determining whether integrins are
lysosomally degraded or are recycled
to the cell surface. However, these
investigators find that binding of the
FERM-domain-containing protein
sorting nexin 17 (SNX17) triggers
recycling versus degradation. While
many details remain to be elucidated,
and discrepancies resolved, taken
together all three new papers suggest
that the dynamics of FERM-domain
binding to integrin NPxY motifs govern
not only activation but also recycling
and degradation. Understanding how
this occurs, if and how the processes
are linked, and how FERM-domain
binding and competition are regulated
will be the next challenges.
Margadant et al. [8] investigated the
roles of the talin- and kindlin-binding
sites in b1 integrin activation and
trafficking by reconstituting
embryoid-body-derived b1
integrin-null cells with wild-type b1 or
with b1 containing tyrosine to alanine
mutations in the membrane-proximal
or membrane-distal NxxY motifs.
As expected, mutations in the
talin-binding membrane-proximal
NPxY motif result in defects in cell
scattering, cell migration,
fibrillogenesis, fibrillar adhesion
formation and integrin activation.
Surprisingly, mutation of the distal
tyrosine produced only modest
inhibition of integrin activation and,
at least in these cells, this tyrosine
was dispensable for cell scattering,
migration and fibrillogenesis. However,
mutation of this distal tyrosine resulted
in a dramatic drop in cell-surface
expression of the mature b1 integrin
subunit due to enhanced lysosomal
degradation of endocytosed integrin,
suggesting that the distal tyrosine is
important for preventing the integrin
from sorting to the lysosome. To test
whether this was due to interference
with kindlin binding, Margadant et al.
[8] knocked down kindlin and found
that integrin activation was only
modestly impaired, as they had seen
for kindlin-binding defective integrins.
However, a5b1 levels were greatly
reduced, primarily due to increased
lysosomal targeting and degradation.
These data suggest that kindlin bindingto integrin b1 tails somehow triggers
recycling of internalized integrin rather
than degradation, and may explain our
earlier observation that overexpression
of wild-type, but not integrin-binding
defective, kindlin increases b1 surface
expression [11]. A molecular
mechanism by which kindlin binding
protects integrins from degradation
was not provided, but the results of
Bo¨ttcher et al. [9] and Steinberg et al.
[10], published while the paper by
Margadant et al. [8] was under review,
provide important new insights into
control of integrin degradation.
Bo¨ttcher et al. [9] generated knock-in
b1 integrin mice containing alanine
substitutions at the distal tyrosine
or the preceding threonine motif
(Figure 1). Both mutations inhibit
kindlin binding and, consistent with
the vital role of kindlins, resulted
in peri-implantation lethality. Like
Margadant et al. [8], Bo¨ttcher et al. [9]
found that mutations in thekindlin-binding site induced increased
degradation of b1 integrin, in addition
to defects in activation and cell
adhesion. They also confirmed that b1
surface expression is increased in
cells that overexpress kindlin and
reduced in cells that lack kindlin,
supporting a role for kindlin in
regulating integrin surface levels.
However, unlike Margadant et al. [8],
they found that b1 integrin degradation
is not altered in kindlin-deficient cells
and instead they present data
suggesting a novel role for kindlin in
regulating integrin mRNA levels.
Reasons for these discrepancies
remain unresolved, but the apparent
lack of involvement of kindlin in
degradation of integrins prompted
Bo¨ttcher et al. [9] to search for other
proteins that bind to the cytoplasmic
tail of b integrin and provide protection
against degradation. Using mass
spectrometry screening techniques,
they identified SNX17 as a b1 integrin
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is perturbed by mutations in the
threonine motif. They further showed
that the SNX17 FERM domain directly
binds the kindlin-binding site in b1
integrin and that SNX17 and kindlin
can compete for binding to integrin.
This was of interest because sorting
nexins are endosome-associated
proteins and SNX17 has previously
been shown to bind the cytoplasmic
domains of vesicular cargoes, resulting
in their recycling to the plasma
membrane [12]. Consistent with this,
Bo¨ttcher et al. [9] showed SNX17
colocalization with b1 integrins in early
endosomes, but not in late endosomes
or lysosomes, and that knockdown of
SNX17 generates phenotypes that
recapitulate those of the threonine b1
mutant — defective cell migration,
decreased mature integrin, decreased
levels of cell-surface integrin, and an
increased lysosomal degradation rate
of integrin. These phenotypes are
rescued by re-expressing wild-type
SNX17 but not an integrin-binding
defective SNX17 mutant, confirming
the importance of direct
SNX17–integrin interactions in
governing integrin recycling.
At the same time, another group
independently reached a similar
conclusion about the role of SNX17 in
integrin recycling [10]. Steinberg et al.
[10] found that b1 and b5 integrins were
among a panel of membrane proteins
lost from the cell surface of SNX17
knockdown fibroblasts. They further
showed that this was due to altered
recycling but not altered
internalization, and resulted in
decreased focal adhesion size and
increased cell migration, consistent
with a shift from a5b1-mediated to
avb3-mediated adhesions. Like
Bo¨ttcher et al. [9], they reported that,
without SNX17 binding to the b1
membrane-distal NPxY motif,
integrins are lysosomally degraded.
Collectively, both papers [9,10]
establish that SNX17, through
a FERM-domain-mediated interaction
with the membrane-distal NPxY motif,
regulates integrin recycling.
In summary, while the
membrane-proximal b tail NPxY
motif is central to integrin activation
because of interactions with talin, itnow seems that the membrane-distal
FERM-domain-binding NPxY motif has
more complex and variable functions.
Kindlin binding at this site modulates
integrin activation but the distal
tyrosine mutation does not prevent
activation in all settings [8] and in
purified systems talin binding is
sufficient to trigger activation [13].
However, this membrane-distal NPxY
motif is required for binding events
that dictate subcellular sorting of b1
integrins and it seems clear that
binding of SNX-17 favors integrin
recycling back to the plasma
membrane from sorting endosomes
rather than lysosomal degradation
(Figure 1). Although there was no
agreement on the activation state of
integrins in early endosomes [8–10],
if integrin activation influences
recycling, kindlin might indirectly
impact trafficking by affecting
activation. Importantly, both the
Steinberg and Bo¨ttcher papers [9,10]
report that kindlin and SNX17 are not
found in the same subcellular
compartments, and a model is
proposed where integrin–kindlin
interactions modulate activation at
the plasma membrane but, upon
internalization, kindlin dissociates and
integrin–SNX17 binding on endosomes
determines whether integrins are
recycled or sent for lysosomal
degradation. It is unclear whether
direct competition between kindlin
and SNX17 for binding to integrins
influences this process or whether
other factors lead to dissociation of
kindlin from endocytosed integrins.
FERM domains bind integrins via
a PTB-like subdomain and we have
shown that a wide range of PTB
domains can bind b integrin tails [14].
Therefore, it will be of interest
to determine whether other
NPxY-motif-binding FERM- or
PTB-domain proteins contribute to
other steps in integrin recycling and
whether competition between various
NPxY-binding partners governs
integrin internalization and trafficking.
How kindlin fits into this picture
remains unclear and whether kindlin
regulates cell-surface integrin
expression levels due to effects on
sorting [8] or mRNA levels [9] or
a combination of the two remains to beresolved. Regardless, the possibility
that kindlin exerts some of its
integrin-regulatory functions through
trafficking must now be considered.
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